It has been demonstrated that the toxicity of heavy metals depends on their chemical speciation and can be related to their free ion activities, rather than the total metal concentrations (SteemannNielsen and Wium-Andersen, 1970; Sunda and Guillard, 1976; Andrew, Biesinger, and Glass, 1977; Anderson, Morel and Guillard, 1978).
INTRODUCTION
There is abundant information on the toxicity of simple heavy metals to cultures or natural aggregations of aquatic organisms.
Copper, a heavy metal, has been extensively studied because of its wide use in the control of obnoxious algae. Steemann-Nielsen, Kamp-Nielsen, and Wium-Andersen (1969) determined that the effect of Cu on the photosynthesis of cultures of Chlorella pyrenoidosa is inversely related to both the cell concentration and the pH of the medium. Copper inhibited the growth and chlorophyll concentration of marine dinoflagellates (Saifullah, 1978) . Andros and Garton (1980) reported on the acute toxicity of copper to the squawfish Ptychoceilus oregonensis.
Zinc, another heavy metal, also has been extensively studied for its toxic effects to a wide variety of aquatic organisms. The growth rate of Chlorella vulgaris, exposed to selected concentrations of Zn, was reduced by 50 percent with a Zn concentration of 2.4 ! .02 ppm (3.67 x 10-5 M) (Rachlin and Farran, 1974) . Hendricks (1978) reported a reduction of oxygen production by Selenastrum capricornutum after exposure of cultures of the alga to selected concentrations of Zn; oxygen production was decreased by 50 percent at -1
1.0 mg 1 of Zn. Experiments also showed that Zn affected the adhesiveness and fragility of the eggs of fathead minnows Pimephales promelas. The eggs were significantly affected at 145 ug (2.22 x 10-6 M) Zn 1-l, and hatchability and survival of the larvae were -6 -1 reduced at 295 ug (4.5 x 10 M) Zn 1 (Benoit and Holcombe, 1978 Recent studies have demonstrated that the toxicity of a heavy metal depends on its chemical speciation and may be related to its free ion activity, rather than the total metal concentration (Steemann-Nielsen and Wium-Andersen, 1970; Sunda and Guillard, 1976; Andrew, Biesinger, and Glass, 1977; Anderson, Morel and Guillard, 1978) . Sunda and Guillard (1976) demonstrated that the growth rate inhibition by copper of the marine diatom Thalassiosira pseudonana is functionally related to the copper ion activity irrespective of the total copper concentration in the medium. Studies of the effect of copper to the water flea Daphnia magna over a wide range of total copper and chelator concentrations showed a linear relationship between acute toxicity to Daphnia magna and ionic copper activities (Andrew et al., 1977) . In a study by Zevenhuizen, Dolfing, Eshuis, and Scholten-Koerselman (1979) the growth rate of the bacterium Klebsiella aerogenes was inhibited in the range of 10-B to 10-6 M of cupric ion concentration. Anderson et al. (1978) (1974) found that combinations of Cu, Zn, and Cd were similar in toxicity to equal concentrations of Zn. However, to date, all of the research on the combined effect of metals has been concerned with the total amounts of these metals,
and not with the interaction of free ions.
Although the mechanism of the toxic effects of various combinations of metals is complex, attention in experimental research must be focused on this area. Combinations, rather than single heavy metals, are most often found in the natural environment, and their interactions may be detrimental to algae. The purpose of this investigation was to determine if the free ions of copper and zinc have an additive or competitive interaction on the toxicity to the green alga Selenastrum capricornutum in a defined artificial medium, under controlled laboratory conditions. The results illustrate why it is important, in order to understand the effects of metals on aquatic organisms, to consider both chemical speciation and the combined effect of several metals.
MATERIALS AND METHODS
The test alga Selenastrum capricornutum is a unicellular green alga (Chlorophyta) of the order Chlorococcales, family Oocystaceae (Smith, 1950) . The strain of this species used in the study was obtained from the Environmental Protection Agency, Corvallis Environmental Research Laboratory, Corvallis, Oregon. It was maintained in modified artificial EPA-NAAM medium (Table I) Stock solutions were prepared from reagent grade chemicals (Mallinckrodt Chemical Works). The solutions were made with deionized glass distilled water. Once the stock solutions were prepared, they were stored in 1 liter linear polyethylene bottles, and replaced every six months. The medium was prepared from the stock Cu+ 2 6.29 x 10-11 3 1.79x10
solutions each time in a 2000 ml volumetric flask. Copper and zinc solutions were made from copper sulfate and zinc chloride stock solutions, respectively.
Once the medium was ready, 100 ml aliquots were dispensed into 250 ml teflonR flasks. The medium was then autoclaved at 120° C for 15 minutes. After autoclaving, the medium was allowed to sit to equilibrate for 24 hours. Each flask was then inoculated with an actively growing culture with a volume which would introduce an initial cell density of 10 3 cells per ml. The cultures were grown on a rotary shaker under constant light at 24° C. Two days after the introduction of the inoculum, the cultures were counted and spiked with a different concentration of the experimental metal solution.
Cell numbers were counted each day in an AO Brightline Hemocytometer. The pH of the medium was measured with an Orion Model 404 ion analyzer.
All glassware was acid washed in 10 percent HN0 3 and rinsed with deionized distilled water prior to use.
RESULTS AND DISCUSSION
Results of recent research demonstrate the toxicity of heavy metals to aquatic organisms is due to metal ion activity (Sunda and Guillard, 1976; Anderson et al., 1978) . This toxicity is independent of the dissolved or total metal concentrations (Andrew et al., 1977) . The purpose of this study was to determine the level of concentration of ionic zinc or ionic copper required to inhibit the cell growth of Selenastrum capricornutum, and to compare the effects of the combination of zinc and copper ions upon its cell growth.
A total of thirteen toxicity experiments was reported (Appendices A to M); a modified EPA-NAAM medium was utilized for the cultures. All the assays were spiked with differing concentrations of either zinc or copper solutions. While one of the metal concentrations in each bioassay was varied, the other was kept fixed at a predetermined amount.
EFFECT OF ZINC
Total zinc concentrations ranging from 1 x 10-13 M to 2 x -6 10 M were added to two-day-old cultures of Selenastrum capricornutum ( Figure 1 ). The total zinc and total copper normally present in the EPA-NAAM medium were not included in the experiment to avoid background levels of the metals that would interfere with the results. As shown in Figure 1 , there was a direct correlation between total ionic zinc concentration and inhibition of growth. Westall et al., 1976) . By definition pZn is equal to the negative logarithm of the zinc ion activity (Sunda and Guillard, 1976) .
EFFECT OF COPPER
Growth rates of cultures in modified EPA-NAAM medium treated with various concentrations of free copper ions are presented in Figure 2 . Selenastrum capricornutum cultured cells were counted daily throughout the six days of incubation. The range of total copper added in this bioassay was from 1.00 x l0-13 M to 2 x 10-5 M.
The point of inhibition of cell growth occurred at pCu = 7.24, as calculated by the program MINEQL (Westall et al., 1976) . pCu is defined as equal to the negative logarithm of the cupric ion activity (Sunda and Guillard, 1976).
In summary, the level of copper required to inhibit cell growth was pCu = 7.24, and the level of zinc required to inhibit cell growth was pZn = 5.93. Results indicate ionic copper is more toxic to Selenastrum capricornutum than zinc.
EFFECT OF ZINC AND COPPER
A total of thirteen bioassays was carried out in which the total amount of ZnC1 2 or Cuso 4 added was the same. In one set of bioassays the Cuso 4 concentration was constant while the ZnC1 2 concentration was varied; in the other set the reverse was true.
Using the least squares linear regression, the point at which the 'fi percent maximum growth rate for each bioassay are presented in Table   II . The pCu and pZn values which produced 50 percent maximum growth rate for each bioassay are presented in Figure 3 . Results indicate there was no interaction between zinc and copper ions in their toxicity to Selenastrum capricornutum.
I noted that there were morphological changes in the alga, depending upon the metal used. With the addition of copper, the alga appeared to enlarge and become yellowish, while with zinc additions the alga appeared to decrease in size and darken. Further investigation of these apparent morphological differences is needed.
It appears, therefore, that the conunon observation that toxic metals are additive in their effect on aquatic organisms may be an artifact which results from considering only the total metal concentrations. When toxicity is compared only on the basis of total metal added, results appear to be additive (Sprague, 1970) , but if chemical speciation is considered, it may be, as observed in this study, that the results are better described as non-interactive. 
